The Placozoa [1] is a monotypic phylum of non-bilaterian marine animals. Its only species, Trichoplax adhaerens , was described in 1883 [2] . Despite the worldwide distribution of placozoans [3] [4] [5] [6] , morphological differences are lacking among isolates from different geographic areas and, consequently, no other species in this phylum has been described and accepted for more than 130 years. However, recent single-gene studies on the genetic diversity of this "species" have revealed deeply divergent lineages of, as yet, undefined taxonomic ranks [3, 5, 6] . Since single genes are not considered sufficient to define species
Figures S1-S3), seven megabases smaller than the T. adhaerens contig assembly. The overall calculated genome heterozygosity was 1.6% (based on SNP counts, see Table S2 ).
We annotated the genome with a combination of 15.3 Gb of RNAseq and ab initio methods to yield 12,010 genes (Table S1 and Supplemental Information). A high percentage of raw reads mapped back to the genome (Table S3 ) and between 89-93% of the 978 genes in the Metazoa BUSCO v2.0 dataset were identified in the different annotation sets (Table S4) .
Together this suggests an almost complete assembly and annotation, where more than 96% of the annotated genes in the X. yyyyyyyyyyyyy genome were expressed in adult animals. In our gene set, X. yyyyyyyyyyyyy had 490 more genes than the 11,520 genes reported in the original T. adhaerens annotation. We re-annotated T. adhaerens with AUGUSTUS and found an additional 1,001 proteins and also managed to complete formerly partial proteins. This approach added 4.4 Mb of exons to the T. adhaerens annotation, an increase of 28% of exonic base pairs to the original annotation. The new T. adhaerens annotation now has 511 more genes than X. yyyyyyyyyyyyy, which accounts for some portion of the size difference between the two genomes.
Large-scale genomic distance analysis identifies large genetic divergence between X. yyyyyyyyyyyyy and T. adhaerens
The roughly 4x coverage of the genome with long Moleculo reads (N50 of 5.4kb) allowed the assembly of large haplocontigs (i.e. contigs representing both haplotypes of the genome). This phasing information for large parts of the genome facilitated the isolation of both full-length alleles at 2,720 loci after a highly stringent filtering procedure. Our thorough filtering allowed the confident grouping of orthologous alleles, except in rare cases, when two fundamental conditions were met, namely: (i) recently duplicated genes with highly similar sequences (even in introns) that fall below the filtering cutoff, and (ii) the true orthologous allele was missing in the genome assembly. Since the assembly is almost complete, the proportion of rare false positive alleles should be negligible. In addition, we identified and carefully validated (see Methods) orthologous sequences between X. yyyyyyyyyyyyy and T. adhaerens for these 2,720 loci. We are, therefore, confident that we used only true alleles as well as interspecific orthologs for the 2,720 loci in our sequence divergence analyses.
Between the two X. yyyyyyyyyyyyy alleles genetic distance ranged from 0.0 to 13.2% (mean 1.1% ±1.0) for proteins, and 0.0 to 9.5% (mean 1.0% ±0.5) for coding sequences, respectively, whilst between X. yyyyyyyyyyyyy and T. adhaerens genetic distance ranged from 0.0 to 72.4% (mean 24.4% ±11.3) for proteins, and 5.1 to 55.5 (mean 24.5% ± 6.4) for coding sequences, respectively ( Figure 1C ). Most genes showing a high variation at the allelic level in X. yyyyyyyyyyyyy were also highly different between the species. To assess if certain genes are under positive (diversifying) selection, indicative of functional evolution, we calculated the ratio of nonsynonymous to synonymous nucleotide substitutions (dN/dS ratio, e.g. [9] ) for each X. yyyyyyyyyyyyy and T. adhaerens ortholog pair. Our results show that most orthologs (97%) are under strong purifying selection (dN/dS <0.5). One might hypothesize that a strong purifying selection pressure is the reason for the phenotypic stasis we see in modern placozoans. More placozoan genomes across the diversity in the phylum are clearly needed to further test this hypothesis. Despite this strong tendency towards purifying selection, a high proportion of orthologs (49%) showed larger protein distance than coding sequence distance and therefore an accumulation of double or triple mutations per codon that led to amino acid substitutions. The reason for this pattern is unclear, and needs further investigation.
Only three of the 2,720 orthologs (0.1%) have dN/dS ratios slightly > 1, indicating positive selection (Supplemental Information; see Figure S4 for an estimate of mutation saturation in codons). The best BLAST hits of those three positively selected genes to Human Uniprots were SRF, SRN2, and IKKA, which are involved in transcription regulation, mRNA splicing and NF-kappa-B signaling, respectively. The function of these proteins in placozoans, however, still has to be studied in detail.
Genomic rearrangements are commonplace between the X. yyyyyyyyyyyyy and T. adhaerens genomes
Moleculo reads also enabled us to assemble very large reference contigs, the largest being over 2 Mb. We compared the organization of genes in X. yyyyyyyyyyyyy to the ten largest scaffolds in the T. adhaerens genome (size range 2.4-13.2 Mb; accounting for 66% of the T. adhaerens assembly). We found 144 contigs > 100 kb from X. yyyyyyyyyyyyy that aligned to these ten scaffolds, accounting for 69% of the X. yyyyyyyyyyyyy assembly ( Figure   2 ). Mean gene collinearity (i.e. the same genes in the same direction) in this reduced genome representation was in the range of 69.5% to 78.8% (mean 73.6%±5.5; see Table S5 ). The mean number of genes per block was 33.8 (±25.2) in the reduced set and 33.9 (±24.7) when comparing full genomes, which indicates that the reduced set is representative for both full genomes (see Figure S5 ).
Although much of the gene order is conserved between the two species, we counted 2,101 genes (out of the 8,260 genes in the ten scaffolds) that were inverted or translocated within the same scaffold relative to the order in the T. adhaerens scaffolds. These numbers seem low when compared to the fast evolving bilaterian genus Drosophila [10, 11] or the even more extreme Caenorhabditis [12] , but they are in the range of rearrangements found between mouse and human [13] . Comparison to Bilateria, however, might be misleading since rates of evolution are not directly comparable and genome rearrangement events might be more favoured in some bilaterian taxa due to intrinsic genomic traits such as transposon-induced rearrangement hotspots (e.g. [14] ). Nonetheless, the high percentage of rearrangements between T. adhaerens and X. yyyyyyyyyyyyy adds further support to our taxonomic decisions, but adding more placozoan genomes to the analyses is essential for a more complete evaluation of how genome rearrangements can be used in placozoan taxonomy and systematics.
A taxogenomic approach allows the description of a new placozoan species and genus
All internal Linnean ranks within the Placozoa are as yet undefined (e.g. [6] , which defines speciation as the accumulation of genetic changes in two lineages that depends on divergence in genes, the genome, and chromosome structure, to assess taxonomic relatedness and diagnose distinct placozoan species using a "taxogenomic" approach. We define taxogenomics as the integration of genomics into taxonomy (see also [25] ). In addition to the placozoan genome structure variation (above), we compared the genomic variation across six different molecular sets of criteria between X. yyyyyyyyyyyyy and T. adhaerens to the variation in the three other non-bilaterian phyla: Cnidaria, Ctenophora, and Porifera ( Figure 3A , Figures S6-S11). To achieve this, we used separate marker sets from different information sources (non-coding vs. protein coding genes) and origins (nuclear vs. mitochondrial genome) as criteria to evaluate congruence of these sets in a taxonomic framework. Marker sets included a nuclear protein set of 212 concatenated proteins (dataset 1: extended matrix from [26] ; Tables S6-S8) as well   as five selected genes with different substitution rates (nuclear 18S, 28S rDNA; mitochondrial 16S rDNA; mitochondrial proteins CO1 and ND1), all commonly used for DNA barcoding and molecular systematics.
Across individual markers, it appears that the phylogenetic ranks are most robust in the Cnidaria, where molecular variation corresponds well to classical taxonomy, in that higher ranks consistently correspond to greater distance between groups (Figures S6-S11).
Measured distances for families within orders in Ctenophora and for genera within families in Porifera indicate that classical morphological taxonomies are incongruent with the calculated genetic distances ( Figure 3A and Figures S6-S11). The internal phylogeny of these two phyla appears to be in urgent need of further re-evaluation with the inclusion of molecular data. The only non-bilaterian phylum with a consistent taxonomy, which is mirrored by genetic distances is, therefore, the Cnidaria. We consequently used genetic distances in the Cnidaria as an approximation and comparative guideline for the taxonomic classification of the new placozoan species.
Genetic distances between X. yyyyyyyyyyyyy and T. adhaerens were higher than those for the Cnidaria in five of the six marker sets at the generic level, but lower at the family level in all cases ( Figure S11 , Table S9 ). Based on these results we cautiously place X. yyyyyyyyyyyyy as the first species of a new genus and assign Xxxxxxxxx gen. nov. to the Trichoplacidae fam. nov., a family including Trichoplax that we here define for the first time, since it was never formally assigned (albeit mentioned in [27] ).
Among all markers, 16S rDNA appeared to be most variable among placozoans and other non-bilaterian phyla and the mean pairwise distance is closest to that calculated for the nuclear dataset in most cases ( Figure S11 ). This marker also best mirrored classical taxonomy in the Porifera and Cnidaria ( Figure S8 ; in Ctenophora 16S rDNA is highly derived and hard to identify [28] ). According to these data, molecular diagnostics based on differences in the 16S rDNA appear to be suitable for current and future faster designation of species in the Placozoa, which is in agreement with previous results [5] . Hence, we used sequence differences based on the 16S rDNA alignment as diagnostic characters in the species description of Xxxxxxxxx yyyyyyyyyyyyy to delimitate this new species from Trichoplax adhaerens ( Figure 3B and species description in Methods).
The X. yyyyyyyyyyyyy genome adds support to the phylogenetic placement of the

Placozoa in the animal tree of life
Recent discussions about the phylogenetic position of placozoans have been based on the T. adhaerens genome . A better sampling of the placozoan genomic diversity is, however, needed [29] to address the current dispute over the phylogenetic relationships between early-branching metazoan phyla [30] [31] [32] and the placement of the Placozoa in the metazoan tree of life. In this context, it is important to first assess if adding another placozoan species would break up the long placozoan branch, because the inclusion of a single representative of a clade with a very long terminal branch, or fast-evolving taxa that can have random amino acid sequence similarities, may result in erroneous groupings in a phylogeny (so-called "long-branch attraction artefacts") [32, 33] . To address these questions, we generated a highly (taxa) condensed version of the full protein matrix (termed dataset 2 with less than 11% missing characters) and, additionally, created a Dayhoff 6-state recoded matrix [34] of this second set to reduce amino acid compositional heterogeneity, which is also known to be a source of phylogenetic error [35] . Phylogenetic analyses were performed on these two matrices (protein and Dayhoff-6 recoded), using the CAT-GTR model in PhyloBayes-MPI v1.7 [36] . The resulting trees suggest a sister group relationship of the Placozoa to a Cnidaria+Bilateria clade (Figure 4 ; Figures S12 and S13), in agreement with some previous findings [8, 26, 30, 32, 37, 38] and with a recent study using a large geneset and intense quality controls [32] .
Conclusions
We have shown that a large and, as yet, insufficiently explored genomic diversity exists within the phylum Placozoa. Using a taxogenomic approach, based on molecular data only, we here discovered and described the only second species in the Placozoa. Future research efforts, including genome sequencing of additional placozoan lineages, will likely help to establish a broader and more robust systematic framework in the Placozoa and provide further insights into the mechanisms of speciation in this enigmatic marine phylum. The inclusion of a second placozoan species into phylogenomic analyses already does split the long placozoan branch to some extent, but also here more genomes from diverse placozoan species are needed to further manifest the phylogenetic placement of the Placozoa among the non-bilaterian animals and to improve our understanding of the evolution and diversity of placozoans. Figure S12 and Figure S13 for the full trees using the protein and Dayhoff-recoded matrix. nucleotides (including gaps). The region for diagnostic nucleotides was restricted to a highly variable region of the alignment (as previously shown for a large range of placozoan lineages, [3, 5, 6] ). Molecular diagnostics for X. yyyyyyyyyyyyy are given in Figure 3B . 
Author Contributions
METHODS
Formal Taxonomic Diagnosis
dipSPAdes hybrid assembly
A mixed read type assembly was performed with the SPAdes 3.5.0 package [43, 44] . [46] (Genbank accession NC_015309.1) and also removed from the nuclear genome contigs.
Supercontig generation
After contaminant removal supercontig generation was performed. In the first place 50bp
were clipped off from both ends of all dipSPAdes consensus contigs as the coverage towards the ends of contigs drops and errors might accumulate. After clipping contigs <500bp were removed. Remaining contigs were assembled in Geneious R8. To identify correct overlaps ab initio gene models were generated for the contigs before assembly with AUGUSTUS 3.0.3 [47] . AUGUSTUS was trained online using the WebAUGUSTUS service and default settings.
Ab initio gene prediction
The softmasked reference contigs were run in the BRAKER1 v1.9 [54] pipeline with default settings using the Tophat2 bam file of mapped RNAseq reads as guidance. BRAKER1 predicted 12,010 genes and 12,575 transcripts (Table S1 ).
Identification of unexpressed de novo gene models
To calculate the amount of unexpressed de novo BRAKER1 predicted proteins we identified format.
Genome coverage
A "lavalamp" kmer/GC plot was generated ( Figure S1 Figure S2 ).
Genome completeness
Read and transcript mapping
To estimate the completeness of the reference assembly we first mapped paired-end reads and
Moleculo reads back to the reference genome. For paired-end read mapping see section 7.
above. BWA v0.7.12 [65] was used to map the Moleculo reads. Two successive rounds of mapping were performed with BWA mem . The first with stringent settings for long reads Table S3 .
BUSCO gene set
To further evaluate genome completeness we screened for a set of presumptive single copy proteins conserved in all animals, the BUSCO gene set. BUSCO v2.0 [67] was run separately on the de novo (BRAKER1) proteins, the StringTie transdecoder proteins, and the Trinity transdecoder proteins [added options: -l metazoa_odb9 -m prot], respectively. It identified between 89-93% complete proteins (Table S4) indicating an almost complete reference genome and transcriptome.
Synteny
To identify collinearity between the two placozoan species all X. yyyyyyyyyyyyy contigs >100kb were aligned to the largest ten was calculated in MCScanX and results for the ten scaffolds are given in Table S4 . The mean collinearity was calculated as the sum of the individual collinearities for the ten T. adhaerens scaffolds multiplied by a size correction faction for each scaffold (i.e. percent coverage of the totally evaluated 70.4Mb of the T. adhaerens genome).
Syntenic block sizes and number of blocks were calculated using the custom Python script m icrosynteny.py (described in [71] ) with skipping no more than one gene [added option: -s 1] and otherwise default options.
Intraspecific sequence variation
Genomic SNPs
Single nucleotide polymorphisms (SNPs) were identified with two independent tools, FreeBayes v0.9.21 [72] and GATK v3.5 [73, 74] . For both analyses the bam file of Bowtie2 mapped reads (see section 7.) was used as input. To identify SNP in the exonic, intronic and intergenic fraction of the genome the FreeBayes vcf (see section above) was input in a custom Python script ( vcfstats.py ) together with the stringtie annotation gtf and the stringtie transdecoder annotation GFF file (see section 'StringTie gene models' below for details). A plot of the SNP numbers against the coverage identified the heterozygous and homozygous peaks with differences in SNPs between the genomic fractions ( Figure S3 ). The exonic fraction showed almost no SNPs within the heterozygous and the highest number in the homozygous peak, whereas the intergenic fraction had a larger number of SNPs in the heterozygous and a reduced number in the homozygous peak. The intronic fraction is an intermediate of the two. This indicates that (1.) most of the genic (exonic & intronic) regions have been successfully merged in the assembly process resulting in an almost completely merged reference assembly, and (2.) the proportion of unmerged haplocontigs is essentially higher in the intergenic fraction. This confirms an expected higher sequence divergence between the two genomic haplotypes in intergenic regions.
SNPs in RNAseq data
To call RNAseq variants the GATK best practice guidelines for variant calling on RNAseq was followed [74, 75] . The Tophat2 RNAseq mapping bam file (see above) was used. The index and dictionary files were generated as for DNA SNPs (above). Read groups were defined, reads sorted, duplicates marked and an index created with the Picard Tools as mentioned. Process files were used for the successive GATK variant calling using a set of scripts. To split reads into exon segments, hard-clip any sequences overhanging into the intronic regions and to reassign mapping qualities the SplitNCigarReads script was applied in Xxxxxxxxx yyyyyyyyyyyyy strain M153E-2 RNAseq data. Table S2 .
Comparison of genomic and transcriptomic SNPs
Intra-and interspecific placozoan distances
Full-length allele identification
To identify all loci for which both full-length alleles were available we extracted reference 
Reference and allelic gene models
To identify CDS in alleles of all loci we performed RNA mapping to the three sequences for each of the 5,401 loci with Tophat2. The BRAKER1 pipeline was then run with the generated RNA-mapping bam file with changes in some BRAKER1 scripts: (1) '--min_contig=100' was added to GeneMark-ET command line (l. 616) to perform training on contigs with at least 1kb (instead of 50kb), and (2) '--alternatives-from-evidence=$alternatives_from_evidence'
replaced by '--genemodel=exactlyone' in the BRAKER1 script to predict only one gene for each allelic contig. Coding sequences from the BRAKER1 predictions were extracted and assembled in Geneious allowing for 20% sequence difference, 20 % gaps, 500bp gap size and multiple mapping. Loci with more or less than three sequences were excluded from further analyses. This resulted in 4,452 loci with full-length gene models in exactly three sequences (reference, allele A, and allele B).
Trichoplax adhaerens orthologs identification
To identify orthologs we built Hidden Markov Models with HMMER for the 4,452 loci using protein translations (created with the custom Python script prottrans.py ) of the three X.
yyyyyyyyyyyyy coding sequences each. We also used these proteins to create reference BLAST databases. HMMs and BLAST databases were used to identify orthologs using A total of 3,984 orthologs were identified in T. adhaerens using the stringent HaMStR search.
Ortholog refinements
To further refine ortholog predictions and to remove false positives orthologs, reciprocal blast searches (evalue 1e-10) of the 3,984 HaMStR orthologs were performed for X. yyyyyyyyyyyyy
dN/dS ratios and codon saturation
Ratios of non-synonymous to synonymous substitutions (dN/dS) as well fractions of unchanged codons, synonymous and non-synonymous sites were calculated based on a custom Python script (alignmentdnds.py) using re-gapped CDS alignments and untrimmed protein alignments ( Figure S4 ). Codons with any ambiguous bases and gapped sites were ignored.
Genetic distances in non-bilaterians
To estimate molecular differences between X. yyyyyyyyyyyyy and T. adhaerens and to bring these into a taxonomic context we measured genetic distance using an extended data matrix of 212 nuclear proteins set up by Cannon et al. , 2016. This data matrix was chosen as it includes a comparable number of sites for a diverse taxonomic range and is therefore also suitable for phylogenetic analyses. In addition genetic distances were measured for five standard barcoding ('selected') markers, namely nuclear ribosomal subunits 18S ( Figure S6) and 28S ( Figure S7 ), mitochondrial large ribosomal subunit 16S ( Figure S8 ), as well as the mitochondrial proteins CO1 ( Figure S9 ) and ND1 ( Figure S10 ). An overview of means for all distances of all six marker sets is provided as Figure S11 . The incorporation of datasets from four individual categories (nuclear protein vs. nuclear ribosomal DNA vs. mitochondrial protein vs. mitochondrial ribosomal DNA) enabled the comparison among markers with individual substitution rates.
Ortholog identification and alignment of nuclear proteins
Orthologs of the 212 genes were identified for Xxxxxxxxx yyyyyyyyyyyyy , Trichoplax adhaerens as well as a set of selected sponges, cnidarians and ctenophores (see Table S6 Based on this approach we identified a high rate of host (fish) contamination in several parasitic as well as (prey and algae) contaminations in two free-living cnidarians. The following taxa (Genbank accessions in parentheses) were excluded and are therefore not listed in After pruning, alignments were inspected manually and miss-aligned sequence ends were trimmed to the next unambiguously aligned position with respect to the next closest related taxa. Finally, Operational Taxonomic Units (OTUs) were generated for closely related taxa to increase the matrix densities for closely related taxa by merging the protein sets (see Table S7 ). The final alignment is referred to as dataset 1 (Table S8 ).
This two stage HaMStR approach using a broad phylogenetic range of reference taxa in the first and multiple selected taxa in the second run resulted in a higher yield of orthologs compared to a single run with a single and distantly related taxon (e.g. Drosophila melanogaster ) alone.
Orthologs identification and alignment of selected barcoding markers
Mitochondrial markers were extracted from public mitochondrial genomes if available (Table   S10 ). To retrieve mitochondrial genes from taxa without published mitochondrial genomes we performed BLASTN/TBLASTX (evalue 1E-5) searches against available transcriptomes (Table S6 ). Nuclear ribosomal DNA (rDNA) sequences were identified by BLASTN searches against transcriptomes using the rDNA sequence of the next closest related taxa for which sequence information was available. For all included Porifera, Cnidaria and Ctenophora taxa we could isolate full-length 18S and 28S sequences from transcriptomic/genomic data and in most cases even the full-length rDNA cascade (including ITS1/2 and 5.8S). We used the placozoan rDNA accessions AY652583.1, AY652578.1, AY652585.1, AY652580.1, AY652587.1, AY652581.1.
Multiple sequence alignments were generated with MAFFT using the LINSI algorithm for protein sequences (CO1, ND1) and the GINSI algorithm for ribosomal genes (16S, 18S, 28S) with otherwise default settings. Individual alignments were created for each class within Porifera and Cnidaria to reduce unambiguously aligned sites. For the Placozoa and Ctenophora we used all sequences to generate a single alignment for each marker.
Distance calculations
Mean group pairwise genetic distances were calculated in MEGA7 [82] [settings:
model/method=p-distance; gaps/missing=pairwise]. Groups were assigned to all taxa and between group mean distances were calculated for orders within classes, families within orders and genera within families for the non-bilaterian phyla Porifera, Cnidaria and Ctenophora. The nuclear protein distance in placozoans was calculated for T. adhaerens and X. yyyyyyyyyyyyy only, since no other genomes are available.
To calculate genetic distances of selected single markers within the Placozoa two additional undescribed placozoan species (sp. H4 and sp. H8) were included. These two taxa were included for a better representation of genetic distances within the entire phylum.
According to the established placozoan 16S molecular phylogeny [6] , Xxxxxxxxx yyyyyyyyyyyyy and Placozoa sp. H4 represent closely related taxa within placozoan subgroup A2, Placozoa sp. H8 represents subgroup A1 and T. adhaerens represents group B.
Phylogenetic trees
To assess the effect of adding a second placozoan species on the placement of the Placozoa in the animal tree of life and to estimate branch length to the two placozoan species, dataset 1 was further condensed to generate a highly complete protein matrix (dataset 2) with only 10.8% missing characters in 58 taxa, including 32 non-bilaterians and two outgroups (both with sequence information for all 212 proteins).
It has been clearly demonstrated that the CAT model (specifically CAT-GTR) implemented in PhyloBayes [83] fits phylogenomic amino acid super-matrices containing non-bilaterians best [30, 84] . However, the computational burden of reaching convergence of analyses using the CAT-GTR model can be prohibitive. It is also well known that phylogenomic datasets frequently suffer from compositional heterogeneity that might negatively influence phylogeny estimation [85] [86] [87] . Compositional heterogeneities can be reduced by the so-called "Dayhoff recoding" [34, 88, 89] which combines amino acids with similar physicochemical properties into one of six categories. Through this reduction of character space, lineage-specific compositional heterogeneities are lessened, at the cost, however, of losing phylogenetic signal (e.g. [35] ). However, another advantage of Dayhoff recoding is a significant reduction of computation time needed to reach convergence.
The protein as well as the Dayhoff 6-state recoded dataset 2 were analysed with PhyloBayes MPI v1.7 [36, 83] , employing the CAT-GTR model, on the Linux cluster of the 
